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Abstract 
 
The molecular structure of the uranyl mineral rutherfordine has been investigated by 
the measurement of the Raman spectra at 298 and 77 K and complemented with 
infrared spectra. The infrared spectra of the (CO3)2- units in the antisymmetric 
stretching region show complexity with three sets of carbonate bands observed. This 
combined with the observation of multiple bands in the (CO3)2- bending region in 
both the Raman and IR spectra suggests that both monodentate and bidentate (CO3)2- 
units are present in the structure in accordance with the X-ray crystallographic 
studies. Complexity is also observed in the IR spectra of (UO2)2+ antisymmetric 
stretching region and is attributed to non-identical UO bonds. Both Raman and 
infrared spectra of the rutherfordine show the presence of both water and hydroxyl 
units in the structure as evidenced by IR bands at 3562 and 3465 cm-1 (OH) and 3343, 
3185 and 2980 cm-1 (H2O).  Raman spectra show the presence of four sharp bands at 
3511, 3460, 3329 and 3151 cm-1.   
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Introduction 
 
The realisation of the mobility of actinide compounds is of increasing 
importance. This is particularly so when uranium deposits are located in sensitive 
environmental areas such as national parks eg Kakadu national Park in Australia. 
Uranyl sulfate solid state and solution chemistry plays one of the most important roles 
in the actinide chemistry, mineralogy, geochemistry and “environmental chemistry” 
with regard to uranium(VI) migration in natural waters and to spent nuclear fuel 
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problems.  The study of the uranyl carbonates has been undertaken for an extended 
period of time 1-6.There are a significant number of compounds containing the uranyl 
ion 5.  Included in these are many uranyl carbonates 7-9. These uranyl carbonates may 
be divided into those based upon tricarbonates, tetracarbonates (e. g. fontanite), 
dicarbonates (e. g. zellerite), hydroxocarbonates (e. g. rabbittite), those with single 
carbonate in the formula such as rutherfordine (UO2CO3) 10-12, blatonite 
(UO2CO3.H2O) 13 and joliotite UO2CO3.~2H2O 14, and uranyl carbonates containing 
also other anions, e.g. sulfate, fluoride and silicate anions, such as schröckingerite, 
albrechtschraufite and lepersonnite 15.  Sharpite is a hydrated  calcium uranyl 
hydroxocarbonate [Ca(UO2)6(CO3)5(OH)4.6H2O]  16,17.  Many of these minerals have 
been synthesised 18,19.   
 
Rutherfordine is orthorhombic with a 4.845 Å, b 9.205 Å, c 4.296 Å, space 
group Pmmn 11.  Christ et al. showed the structure consists of sheets of (CO3)2- 
groups lying parallel in a plane perpendicular to the b axis, with linear (UO2)2+ groups 
inserted into hexagonal holes normal to the sheets. A stacking disorder is present, 
involving the choice of parallel or antiparallel orientation of (CO3)2- groups in 
adjacent sheets 11.  Finch et al. refined the structure of rutherfordine 20.  Finch showed 
that (CO3)2- groups in alternate layers have the same orientation, not opposite 
orientations as originally reported by Christ et al.   
 
 The infrared spectra of rutherfordine has been published 9,21. The actual 
assignation of bands remains unclear 22. One of the difficulties in studying the infrared 
(and Raman) spectra of uranyl carbonates is the potential overlap of bands associated 
with (UO2)2+ and the (CO3)2- units.  The region for the symmetric stretching vibration 
of the (CO3)2- units is a spectral window free from bands ascribed to the (UO2)2+ units.  
One potential overlap is between the antisymmetric stretching vibrations of the 
(CO3)2- units and the δ bending water modes.  Another major difficulty is the possible 
overlap of the symmetric stretching modes of the (UO2)2+ units and the bending 
modes of the (CO3)2- units.  There is another consideration caused by the presence or 
absence of water in the structure.  The presence of water may cause significant shifts 
in the bands associated with both  
(UO2)2+ units and (CO3)2- units.   
 
Cejka made tentative assignments of the bands for rutherfordine as follows: ν3 
of (UO2)2+ at 985 cm-1, ν1 not observed in the infrared, ν2 in the 255 to 260 cm-1 range 
21.   It is apparent that the application of Raman spectroscopy may assist with the 
assignation of these bands. According to Cejka and Urbanec the (CO3)2- ion symmetry 
is lowered from D3h to C2v 23,24.  The assignation of the (CO3)2- bands was given as ν1 
at 1112 cm-1, ν2 at 804 cm-1, ν3 at 1415 and 1503 cm-1 and ν4 at around 702 and 781 
cm-1 21.  Some variation in band position between different measurements is noted. 
According to Cejka, the splitting of the ν3 bands cannot be used to ascertain whether 
the carbonates are bidentate or monodentate. X-ray crystallography studies by Christ 
et al and Finch et al. indicate that both mono and bidentate structures exist in the 
natural mineral 11,20.  Urbanec and Cejka also suggest that rutherfordine is not a non-
hydrated, non-hydroxylated carbonate as infrared bands were observed in the 3000 to 
3600 cm-1 region 9.  
 
Raman spectroscopy has proven very useful for the study of minerals 25-27. 
Indeed Raman spectroscopy has proven most useful for the study of diagentically 
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related minerals as often occurs with carbonate minerals 28-32.  Some previous studies 
have been undertaken by the authors using Raman spectroscopy to study complex 
secondary minerals formed by crystallisation from concentrated sulphate solutions 
25,26,28,29,33-35.  In this work we attribute bands at various wavenumbers to vibrational 
modes of rutherfordine using Raman spectroscopy at both 298 and 77 K 
complemented with infrared spectroscopy and related the spectra to the structure of 
the mineral. 
 
Experimental 
Minerals 
 
The rutherfordine mineral used in this work was obtained from Museum 
Victoria. The mineral registered number is m37675. It should be noted that the 
amount of mineral used in this research was smaller than a pin head size.  
Rutherfordine microscrystals are readily identified as radial sprays of micro 
Rutherfordine crystals. A major advantage of Raman spectroscopy is the ability to 
analyses very small amounts of minerals.  
 
Raman microprobe spectroscopy 
 
The crystals of rutherfordine were placed and orientated on the stage of an 
Olympus BHSM microscope, equipped with 10x and 50x objectives and part of a 
Renishaw 1000 Raman microscope system, which also includes a monochromator, a 
filter system and a Charge Coupled Device (CCD). Raman spectra were excited by a 
HeNe laser (633 nm) at a nominal resolution of 2 cm-1 in the range between 100 and 
4000 cm-1.  Repeated acquisition using the highest magnification was accumulated to 
improve the signal to noise ratio. Spectra were calibrated using the 520.5 cm-1 line of 
a silicon wafer. In order to ensure that the correct spectra are obtained, the incident 
excitation radiation was scrambled.  Previous studies by the authors provide more 
details of the experimental technique. Spectra at liquid nitrogen temperature were 
obtained using a Linkam thermal stage (Scientific Instruments Ltd, Waterfield, 
Surrey, England).  Details of the technique have been published by the authors 36-39. 
 
 
Infrared Spectroscopy 
 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer 
with a smart endurance single bounce diamond ATR cell. Spectra over the 4000−525 
cm-1 range were obtained by the co-addition of 64 scans with a resolution of 4 cm-1 
and a mirror velocity of 0.6329 cm/s.  
 
Spectral manipulation such as baseline adjustment, smoothing and 
normalisation was performed using the GRAMS® software package (Galactic 
Industries Corporation, Salem, NH, USA).  
 
 
Results and discussion 
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The Raman and infrared spectra of the 1050 to 1750 cm-1 region are shown in 
Figure 1. The results of the spectroscopic analyses are reported in Table 1.  The 
Raman spectrum shows a single intense band at 1117 cm-1 with a bandwidth of 3.4 
cm-1.  The band is attributed to the ν1 symmetric stretching mode of the (CO3)2- units. 
In the infrared spectrum a low intensity band is observed at 1111 cm-1 which is also 
assigned to this vibration.  From a theoretical point of view for a carbonate anion of 
perfect symmetry, this band should be Raman active-infrared inactive. Thus the 
observation of the band in the infrared spectrum suggests some loss of symmetry. 
This value agrees well with the published result of Urbanec and Cejka who found a 
value of 1112 cm-1 9. Theoretical calculations suggest a value of 1110 cm-121.   
 
In the Raman spectrum an intense band is observed at 1411 cm-1 with a 
shoulder at 1377 cm-1. These bands are assigned to the ν3 antisymmetric stretching 
vibrations.  The infrared spectrum in the 1250 to 1700 cm-1 region is complex with a 
complex series of overlapping bands.  A set of bands are observed at 1432, 1417, and 
1397 cm-1.  A second set of bands are found at 1542, 1509 and 1503 cm-1.  These 
bands are assigned to the ν3 antisymmetric stretching vibrations of (CO3)2- units.  The 
spectral profile is complicated by a band at 1633 cm-1 which may be assigned to a 
water HOH bending mode.  This splitting of the ν3 modes has been observed by 
Cejka 21. However the complexity of the infrared spectral profile has not been 
observed.  X-ray diffraction studies have shown the existence of both mono and 
bidentate carbonate ions.  X-ray diffraction determines lattice structures whereas 
infrared spectroscopy determines molecular structures. The complexity of the infrared 
spectral profile in the (CO3)2- antisymmetric stretching region seems to indicate 
multiple species of carbonate anions in the rutherfordine structure.   
 
The Raman spectra at 298 and 77 K together with the infrared spectrum of 
rutherfordine in the 650 to 1050 cm-1 region are shown in Figure 2.  In the infrared 
spectrum the profile is complex and as with the antisymmetric stretching region of 
(CO3)2- units so with the antisymmetric stretching region of the uranyl units, multiple 
bands are observed.  Band component analysis shows bands at 970, 947, 916 and 883 
cm-1. These bands are attributed to the ν3 antisymmetric stretching vibration of 
(UO2)2+ units.   The positions of the bands are in agreement with published data 21.  
No bands were observed in these positions in the Raman spectra.  An intense band is 
observed in the Raman spectrum at 885 cm-1 in both the 298 and 77 K spectrum. This 
band is assigned to the ν1 symmetric stretching mode of the (UO2)2+ units.    
 
An intense band is observed in the 298 K Raman spectrum at 828 cm-1 with 
two other bands at 799 and 784 cm-1.  It is suggested that the band at 828 cm-1 is 
attributable to the ν2 bending modes of the (CO3)2- units and that the two bands of 
lesser intensity at 799 and 784 cm-1 are due to the ν4 out of plane bending modes.  In 
the 77 K Raman spectrum. Two bands are observed at 839 and 833 cm-1. These bands 
are ascribed to the ν2 bending modes.  In the infrared spectrum two bands are 
observed at 807 and 802 cm-1 and are assigned to this mode.   Cejka observed infrared 
bands at 804 or 806 cm-1 21.  In the 77 K Raman spectrum two bands are observed at 
799 and 786 cm-1.  The likely assignment of these bands is to the ν4 bending modes of 
the (CO3)2- units.  In the infrared spectrum bands are found at 784, 779, 763 cm-1 and 
705, 702, 697 cm-1. These bands are assigned to the ν4 bending modes of the (CO3)2- 
units.  Only a very low intensity band is observed in the 298 K Raman spectrum at 
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704 cm-1.  The multiple bands in the ν4 bending region indicates (a) a lowering of 
symmetry and (b) multiple (CO3)2- units.   
 
The low wavenumber region of rutherfordine is shown in Figure 3.  In the 298 
K spectrum three bands are observed at 556, 452 and 343 cm-1.  In the 77 K spectrum 
the 556 cm-1 shifts to 552 cm-1. The 452 cm-1 band in the 298 K spectrum splits into 
four bands at 477, 463, 438 and 403 cm-1.   The 343 cm-1 band seems to split into two 
components at 336 and 330 cm-1.   These bands may be ascribed to the ν2 bending 
modes of the (UO2)2+ units.   A set of bands is also observed at 279, 263, 252 and 241 
cm-1.    
 
The 2500 to 3600 cm-1 region of rutherfordine is shown in Figure 4.  Three 
bands are observed in the 298 K Raman spectrum at 3527, 3362 and 3196 cm-1.   In 
the spectrum at 77 K four bands are found at 3511, 3460, 3329 and 3151 cm-1.  The 
infrared spectrum of rutherfordine shows a broad profile with component bands at 
3562, 3465, 3343, 3185 and 2980 cm-1.  Urbanec and Cejka suggested that broad 
bands were found in the infrared spectrum of some samples of rutherfordine 9.  They 
attributed these bands to water or hydroxyl units hydrogen bonded in the rutherfordine 
structure.  In the structural reports for rutherfordine no water or hydroxyl units were 
identified.  Raman complimented with infrared spectroscopy brings into question the 
variability of the rutherfordine structure.  The observation of OH stretching vibrations 
in both the infrared and Raman spectra suggest that water is involved in the structure. 
The bands in the OH stretching region as observed in Figure 4 are assigned to water 
OH stretching vibrations. The presence of water bending modes in the infrared 
spectrum at around 1635 cm-1 supports the concept of water units incorporation into 
the rutherfordine structure. It is possible that OH stretching vibrations due to OH units 
may be observed but these bands would be observed at higher wavenumbers. 
 
 
Conclusions 
 
 Rutherfordine is an interesting mineral as the vibrational spectroscopy 
supports the concept of water and/or hydroxyl units being incorporated into the 
mineral structure. Water molecules and hydroxyls may be present in the uranyl 
carbonate chains together with interstitial water molecules participate in the formed 
hydrogen bonding network.  Raman spectroscopy at 298 and 77 K together with 
infrared spectroscopy has been used to assist in the elucidation of the rutherfordine 
mineral structure. 
 
This work serves to show the application of Raman spectroscopy for the in-
situ analysis of a uranyl carbonate mineral known as rutherfordine. The use of the 
microscope and associated Raman spectrometer allows single crystals are selected for 
the analysis.  It should be noted there is almost no sample preparation apart from the 
alignment of the crystals in the incident beam.  Raman spectroscopy may be used with 
a thermal stage allowing spectra to be obtained at any temperature. The collection of 
Raman data at liquid nitrogen temperature enables significantly improved band 
separation. Raman spectroscopy has by its very nature normally narrow bands as 
compared with infrared spectroscopy, and by obtaining data at 77 K, improved signal 
to noise is achieved.   
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Rutherfordine 
Raman 
298K 
Raman 
77K 
IR 
Band 
Centre 
(cm-1) / 
Intensity 
(%) 
Band 
Centre 
(cm-1) / 
Intensity 
(%) 
Band 
Centre 
(cm-1) / 
Intensity 
(%) 
3527 / 1.20 
3362 / 7.39 
3196 / 7.09 
 
3511 
3460 
3329 
3151 
3562 / 2.20 
3465 / 2.61 
3343 / 8.06 
3185 / 6.97 
2980 / 4.20 
1601 / 2.85 
 
 1633 / 1.70 
1577 / 3.11 
1542 / 6.98 
1411 / 5.06 
1377 / 2.56 
 
 1509 / 7.28 
1503 / 4.65 
1432 / 4.69 
1417 / 3.71 
1397 / 22.86 
1300 / 0.19 
1117 / 5.59 
 
 1111 / 0.15 
1089 / 0.15 
991 / 0.53 
983 / 1.19 
970 / 2.47 
885 / 22.00 
876 / 7.26 
828 / 21.03 
799 / 9.33 
784 / 0.84 
 
885 / 1.99 
876 / 2.59 
839 / 13.25 
833 / 24.92 
811 / 2.08 
799 / 9.82 
786 / 0.22 
 
947 / 4.55 
916 / 4.12 
883 / 1.34 
857 / 0.59 
807 / 0.54 
802 / 0.49 
784 / 0.64 
779 / 1.34 
763 / 0.90 
704 / 0.20 
 
 705 / 0.15 
702 / 0.18 
697 / 0.34 
556 / 6.07 
452 / 13.45 
343 / 3.76 
 
552 / 8.52 
497 / 6.24 
477 / 0.91 
463 / 2.16 
438 / 2.59 
403 / 3.21 
336 / 1.70 
330 / 1.14 
 
 305 / 0.19 
279 / 0.46 
263 / 0.63 
252 / 0.58 
241 / 1.11 
 
 
Table 1 Raman and Infrared spectral analysis of rutherfordine 
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Figure 1 Raman and infrared spectra of the 1050 to 1750 cm-1 region of rutherfordine. 
 
Figure 2 Raman and infrared spectra of the 650 to 1050 cm-1 region of rutherfordine. 
 
Figure 3 Raman and infrared spectra of the 200 to 650 cm-1 region of rutherfordine. 
 
Figure 4 Raman and infrared spectra of the 2500 to 3750 cm-1 region of rutherfordine. 
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